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The M, of histones can be determined from their electrophoretic mobility at pH 2.3, 8 M urea in a polyacryl- 
amide gel by correcting for differences in their charge density and properties of the gel matrix. The applica- 
bility of this method to other proteins is considered. 
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1. INTRODUCTION 
Analysis of wheat histones revealed that histones 
H 1, H2A and H2B have electrophoretic mobilities 
different from those of the known animal histones 
[1,2]. We have isolated several of these histones 
and established partial and complete structures 
[2-41. During the initial characterisation of these 
proteins as well as of some of the peptides 
generated during the structural work we have at- 
tempted without success to determine their lK by 
SDS electrophoresis. It has been reported 
previously that basic proteins migrate abnormally 
in SDS gels. This is believed to be due to the high 
intrinsic positive charge of the histones [5]. Never- 
theless, a linear relationship has been reported be- 
tween the iK values of histones and their elec- 
trophoretic mobility in SDS gels [6]. However, this 
relationship differed from that for globular pro- 
teins. The conclusion reached from these investiga- 
tions is, however, not valid as only approximations 
of Mr values for histones H2B and H3 had been 
used because the precise values were unknown at 
that time [6]. Not only basic proteins behave ab- 
normally in SDS, but also the size of a peptide 
appears to impose limitations on the reliability of 
* To whom correspondence should be addressed 
the method. Small peptides in the absence as well 
as presence of urea give unreliable M, estimates in 
SDS gels [S]. 
A cursory inspection of SDS gels of basic pro- 
teins conveys the impression that a correlation may 
exist between the number of positive charges in a 
protein and the magnitude of the error in Mr 
estimate. We have therefore investigated whether 
the electrophoretic mobility of proteins and pep- 
tides under denaturing conditions in which only 
one type of charge determines the mobility will 
reveal a size-dependent relationship. Under such 
conditions the uncertainty will be removed as to 
the magnitude of the negative charge contribution 
by SDS, that of the amino acid residues as well as 
to the amount of SDS bound as a result of 
clustered amino acid residues. We came to the con- 
clusion that Mr values of histones and histone pep- 
tides can be estimated using acidic urea gels. 
2. MATERIALS AND METHODS 
The various reference proteins were purchased 
from Sigma. The isolation procedures of the 
various histones have been summarized in [7]. Sea 
urchin sperm Hl was isolated and cleaved with 
CNBr as described by Strickland et al. [8] and 
histone H3 according to Brandt and Von Holt [9]. 
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Wheat histone H2B was isolated (unpublished) 
and the C-terminal CNBr fragment has been 
characterized [7] and found to be related to the 
corresponding calf thymus H2B fragment. 
Acid urea slab gels (2 x 100 x 130 mm) were 
prepared essentially according to Panyim and 
Chalkley [lo] using 8 M urea and a monomer con- 
centration of either 15 or 20% acrylamide. Sample 
wells were filled with 8 M urea, 0.9 M acetic acid 
followed by the pre-electrophoresis n 0.9 M acetic 
acid and finally run for 4 h at 150 V. The slabs 
were stained with Coomassie brilliant blue. SDS 
gels were cast and run by the methods described by 
Laemmli (pH 8.8) [ll]. 
3. RESULTS AND DISCUSSION 
It is confirmed that the size-dependent elec- 
trophoretic mobility in SDS-polyacrylamide gels of 
calf thymus histones and an arbitrary selection of 
some basic proteins is different from that of other 
proteins (fig.la). This is particularly so for 
histones Hl. Taking into account the amino acid 
composition of these proteins, it appears that a 
loose relationship exists between the magnitude of 
the positive charge of the protein and the degree of 
deviation from the expected mobility [5]. 
However, corrections cannot easily be calculated 
as the net charge of the SDS protein complex is a 
function of the amount SDS bound and the sum of 
the cationic and anionic charges of the protein. 
These uncertainties can, however, be eliminated if 
the protein and peptides are subjected to elec- 
trophoresis in acidic urea gels. At pH 2.3 the pro- 
teins possess a net positive charge equal to the sum 
of its basic amino acids histidine, lysine and 
arginine as all carboxyl groups are essentially fully 
protonated. 
The net charge per unit mass or per mass of 100 
residues can be calculated from the amino acid 
composition (cationic charge density). The 
presence of 8 M urea in the gel largely eliminates 
differences in the folding of the various molecules 
resulting in the formation of a random structure 
[12,13], though this may not be true for all pro- 
teins [ 141. 
The electrophoretic mobility (A4) of a particle in 
solution in an electric field is directly proportional 
to the charge (q) and inversely proportional to its 
shape function which in turn increases with size 
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Fig. 1. Relation between electrophoretic mobility of 
proteins and peptides and their A4, values. (a) Mobility 
of histones (A) and globular protein (0) in the presence 
of SDS. The numbers correspond to proteins given in 
table 1 and 13, 14, 15 and 16 to insulin, ribonuclease, 
carbonic anhydrase and bovine serum albumin, 
respectively. (b) Mobility of proteins and peptides in 
8 M urea-O.9 M acetic acid gels (15% acrylamide). (A) 
Relative mobility (histone H4 = l), (A) relative mobility 
divided by the relative cationic charge using histone H4 
as reference (see table 1). The proteins and peptides 
correspond to those given in table 1. 
and is a complicated function of shape u>. The 
electrophoretic mobility of a fully unfolded and 
protonated protein existing in a random structure, 
should be related to both the charge and M,. The 
nature of this relationship can be tested by dividing 
the observed mobility by the entire cationic charge 
density in the molecule. Histone H4 was used as 
the reference for both the mobility and the charge 
ik& corrected = 
M, observed 
X 
Mn4 
mol% basic amino acids per 10000 Da in H4 
mol% basic amino acids per 10000 Da in protein X 
where A4, is the observed mobility of a protein (X) 
and Mu4 that of histone H4. In moving through a 
Volume 194, number 2 FEBS LETTERS January 1986 
matrix the corrected mobility is related to the &f, 
by the relationship: M, corrected = A + B log Mr x 
(see table 2, footnotes b-e). In table 1 and fig.lb 
the corrected and uncorrected mobilities of various 
basic proteins vs their log M, are displayed. Good 
agreement between the corrected mobility and the 
Mr values exists ranging from histone Hl of sea ur- 
chin sperm (iK 26500) down to melittin (MI 2850) 
(table 1). The high resolving power of acidic urea 
gels allows reasonably precise mobility determina- 
tion. This is shown by the various acetylated forms 
of histone H4 which differ by one positive charge 
only; they are nevertheless well resolved, exhibiting 
a change in mobility of 3% per lysine acetylated 
(table 2). The globular proteins myoglobin and 
cytochrome c also obey the relationship. Histone 
H2A, the most hydrophobic of the 5 histones, 
shows the largest deviation namely 5% (table 1). 
Other histones and peptides also exhibit a 
similar behaviour (table 2). However, very basic 
polypeptides like protamine and H 1 -CN-2 migrate 
slower than expected. Several proteins with fewer 
cationic charges exhibited a substantially larger 
corrected mobility than expected from their M, 
(table 2). Reduction or performic acid oxidation of 
disulfide bonds seemed to have little effect on the 
mobility of the latter. 
We have made the assumption that the shape 
function f is proportional to the M, of the 
denatured protein. This will only be true if all pro- 
teins are similarly denatured by 8 M urea which is 
not necessarily the case, as certain secondary struc- 
tured features may be retained under these condi- 
tions. The error in the estimated iK is related to the 
cationic charge density (table 2, fig.2). This seems 
to indicate that the degree and/or state of un- 
Table 1 
Electrophoretic mobilities of various proteins and peptides in acidic 8 M urea gels, their M, values and 
positive charge 
Protein Cationicb 
charge 
density 
Relative lectrophoretic 
mobility’ 
Observed Correctedd 
1. Melittin 2850 21.1 1.75 1.95 
2. H2A peptide 3900 12.7 0.94 1.76 
3. H2B CN-2 6840 17.5 1.07 1.41 
4. H4 11280 23.9 1.00 1.00 
5. Cytochrome c 11000 20.5 0.85 0.99 
6. H2B 13770 33.2 0.85 0.89 
7. H2A 14000 21.4 0.83 0.93 
8. H3 15340 22.2 0.79 0.85 
9. Myogiobin 17000 20.9 0.67 0.77 
10. HI (sea urchin sperm) 21850 28.1 0.67 0.57 
11. Hl 26500 37.7 0.71 0.45 
12. (H3)2 30680 22.2 0.39 0.42 
a Iw, values have been taken from Dayhoff 117) and that for H2A peptide (tryptic core of wheat histone 
H2A) [2,3], H2B CN-2, the C-terminai CNBr fragment of wheat H2Bglj [7] and Hl and its CNBr 
peptides calculated from the sequence [S]. Histones used were isolated from calf thymus except where 
otherwise indicated 
b Cationic harge was calculated from the amino acid composition, i.e. the sum of the mol% Lys, His, 
Arg and the N-terminus divided by the sum of M, values of the constituent amino acids, i.e. charge 
per 10000 Da. This figure is in most proteins close to the mol% basic amino acids present 
’ Ele~trophoretic mobility was measured relative to histone H4 in 15% acrylamide-8 M urea gels, pH 
2.3 
d Corrected mobility was calculated by dividing the relative mobility by the cationic harge using the 
charge of histone H4 as a reference 
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Table 2 
Estimates of Mr from corrected electrophoretic mobilities 
Protein Cationicb 
charge 
density 
Relative 
electrophoretic 
mobilityC 
Observed Correctedd 
M: 
estimated 
Error’ 
(0700) 
Protamine 4300 48.0 2.70 1.35 6900 +61.0 
Hl CN-1 (sperm) 21200 38.7 1 .os 0.65 20000 - 5.6 
Hl CN-2 (sperm) 5300 34.0 1.92 1.34 7000 +30.1 
HS (chicken) 21600 34.4 0.75 0.52 24300 + 12.5 
H2B3 (sperm) 16500 26.0 0.81 0.76 16900 + 2.4 
H2Bz (sperm) 16000 25.6 0.83 0.78 16400 + 2.5 
H3 CN-I (chicken) 10300 25.3 1.15 1.09 10300 0.0 
H2Br (sperm) 16100 24.8 0.81 0.78 16400 + 1.9 
H4 (chicken) 11300 23.9 1 .oo 1 .oo 11700 + 3.5 
H4 (acetylh 11400 23.1 0.97 1.00 11700 + 2.6 
H4 (acetyl)zg 11400 22.2 0.95 1.02 11400 +o.o 
H2Ar (wheat) 15500 22.6 0.79 0.83 15200 - 1.9 
H3 (chicken) 15300 22.2 0.79 0.85 14700 - 3.9 
Ribonuclease 13700 16.7 0.70 1.00 11700 - 14.6 
Carbonic anhydrase 29 200 12.3 0.36 0.65 20000 -31.5 
H3(CN-2)~ (chicken) 6600 12.1 0.86 1.69 4100 37.8 
Trypsinogen 24000 8.8 0.35 0.95 12700 -47.0 
e The data in table 1 fit the equation M, (corrected) = A + B log M, x with A = 4.729, B = 0.66 (p = 0.997, maximum 
absoiute residual = 0.031) by regression analysis. This equation was used to estimate the M, values of various proteins 
given in the table 
f Error in the M, determination is the difference between the estimated and the actual weight expressed as a percentage 
g Histone H4 is heterogeneous with respect o the number of E-N-acetylated lysine residues present [7,10] 
Sperm histones have been isolated from the sea urchin Purechinus angulosus [8]. CN, cyanogen bromide cleavage 
fragment [S]. a-d As in table 1 
folding of proteins might be related to the cationic 
charge of a molecule at pH 2.3. Under this condi- 
tion protamine on the one extreme may form a 
more extended structure due to internal charge 
repulsion, while trypsinogen on the other exists as 
a more random and unfolded but still more com- 
pact structure, as compared to protamine 
analogous to the conformational states of 
polyglutamic acid on deprotonation [12]. Unex- 
pected is the low error for peptide HI-CNl (table 
2). This peptide exhibits a hydrophobic N-terminal 
region and a highly basic C-terminal tail 181. Thus 
the mobility may be the result of clustering of 
amino acid residues resulting in 2 distinct confor- 
mational regions. 
An alternative explanation for the deviation of 
the corrected, from the actual &&, may be that the 
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error is related to the arginine content of the pro- 
teins. Interaction between the guanidinium group 
of arginine and carboxyl groups in polyacrylamide 
matrices has been postulated to be responsible for 
the abnormal behaviour of some basic proteins in 
exclusion gels [ 151. 
In a recent paper, West et al. 1161 observed a 
similar relationship between mobility and charge 
of synthetic polypeptides vs their h4 values. 
We conclude that it is possible to estimate with 
a reasonable degree of reliability the Mr of histones 
or other proteins, from their electrophoretic 
mobility in acidic urea gels (pH 2.3, 8 M urea), 
provided that the proteins are fully unfolded, by 
correcting their mobility with a factor which takes 
into account the cationic charge and by choosing 
standards with a similar charge density to those 
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Fig.2. Relation between the error in the estimated A4, 
and cationic charge density (see footnotes in table 1). 
The data were taken from table 2. The error in the h4, 
was calculated using the formula: (Mr estimat- 
ed - Mr)/Mr x 100. 
under investigation. For proteins differing 
subst~t~ally in their charge density from those of 
the chosen standards, additional refinement can be 
achieved by a correction factor relating percent er- 
ror and cationic charge density. 
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